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Abstract. We theoretically demonstrate a counter-intuitive phenomenon in optical
interferometry with a thermal source: the emergence of second-order interference
between two pairs of correlated optical paths even if the time delay imprinted by
each path in one pair with respect to each path in the other pair is much larger than
the source coherence time. This fundamental effect could be useful for experimental
simulations of small-scale quantum circuits and of 100%-visibility correlations typical of
entangled states of a large number of qubits, with possible applications in high-precision
metrology and imaging. As an example, we demonstrate the polarization-encoded
simulation of the operation of the quantum logic gate known as controlled-NOT gate.
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1. Motivation
The Hanbury Brown and Twiss (HBT) effect [1, 2] discovered in 1956 was at the heart of
the development of the field of quantum optics. Indeed, this discovery led to numerous
remarkable multiphoton experiments which have not only deepened our fundamental
understanding of multiphoton interference [3, 4, 5, 6, 7, 8, 9] but have also led to
numerous applications in information processing [10, 11, 12, 13, 14, 15] and imaging
[16, 17, 18, 19, 20, 21, 22].
The HBT effect fundamentally reveals the second-order coherence of a thermal
source. For example, second-order temporal correlations can be measured after the
interaction of multi-mode thermal radiation of given bandwidth∆ω with a beam splitter:
two detectors at the beam splitter output ports have twice the chance to be triggered
at equal times than with a relative time delay longer than the coherence time 1/∆ω of
the thermal field.
It is interesting to modify the described HBT scheme by adding two unbalanced
Mach-Zehnder interferometers at the beam splitter output ports, the “control” port
C and the “target” T , as depicted in figure 1(a). We further consider path lengths
L ..= LC ∼= LT and S ..= SC ∼= ST such that the time | L − S | /c, with c the speed
of light, is much larger than the coherence time of the source. Can we observe second
order interference by performing correlation measurements at equal detection times at
the output of the two Mach-Zehnder interferometers?
Interestingly, in this paper we show that second-order interference between the two
pairs (LC , LT ) and (SC , ST ) of optical paths (multipath correlation interference) can be
observed even if the time delay | L−S | /c imprinted by each path in the pair (LC , LT )
with respect to each path in the pair (SC , ST ) is much beyond the source coherence
time. Furthermore, we describe the similarities and differences between this second-
order interference effect and the one demonstrated by Franson [7] in 1989 by using a
two-photon entangled source.
The fundamental interference phenomenon described here is also of interest in view
of the recent studies of simulations of quantum logic operations and entanglement
correlations using classical light [23, 24, 25, 26, 27, 28, 29, 30]. In particular,
by considering the interferometric scheme in figure 1(b), we demonstrate how this
interference effect is able to simulate the result of a controlled-NOT (CNOT) logic
operation [10, 31, 32, 33, 34, 35, 36, 37].
The paper is outlined as following: we demonstrate how multipath correlation
interference can be observed with a thermal source in section 2; we apply this novel
phenomenon to the simulation of a CNOT gate operation in section 3; we show how this
second-order interference effect can be generalized to interferometers based on arbitrary-
order correlation measurements in section 4; and we conclude with discussions in section
5.
Multipath Correlation Interference and Controlled-NOT Gate Simulationwith a Thermal Source3
(a)
ρˆH
A
LC
SC
LT
ST
DC
DT
〈∆nC∆nT 〉
C C
T T
(b)
ρˆH
A
LC
SC
V
H
LT
ST
BS1
RφC
RφT
DC
DT
θC
θT
PBS1 PBS2
BS2 BS3
F
Uprep P 〈∆nθC∆nθT 〉
C C
T T
Figure 1. (a) Modified HBT interferometer with a thermal source where two
unbalanced Mach-Zehnder interferometers are placed at the output channel of the first
beam splitter and the correlation between the photon-number fluctuations is measured
at the interferometer output. (b) Interferometer simulating a CNOT-gate operation:
1) The first transformation Uprep prepares the initial polarization state; 2) By using two
unbalanced interferometers a polarization-dependent transformationP is implemented;
3) At the interferometer output the polarization-dependent correlation between the
photon-number fluctuations is measured.
2. Multipath Correlation Interference
We consider here the interferometer in figure 1(a). The interferometer has only one
source, which generates in the input port A thermal light with a given horizontal
polarization H . Therefore, the input state is described by [38, 39]
ρˆH =
∫ [∏
ω
d2αω,H
]
PρˆH ({αω,H})
⊗
ω
|αω,H〉A〈αω,H| , (1)
with the Glauber-Sudarshan probability distribution [3, 40]
PρˆH ({αω,H}) =
∏
ω
1
pi nω
exp
(
−|αω,H |
2
nω
)
,
where nω is the average photon number at frequency ω. For simplicity, but without
losing generality, we consider a Gaussian frequency distribution [38]
nω = r
1√
2pi∆ω
exp
{
−(ω − ω0)
2
2∆ω2
}
,
with the mean photon rate r, average frequency ω0 and spectral width ∆ω.
At the interferometer output correlation measurements in the photon-number
fluctuations
∆nd = nd − 〈nd〉 (2)
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at the detection time td around the mean value 〈nd〉, with d = C, T , are performed by
using either photon-number resolving detectors or single-photon detectors [41, 42] with
integration time δt≪ 1/∆ω, which are currently available (e.g. δt ∼ 10− 100ns). The
expectation value for the product of the photon-number fluctuations in (2) at the two
output ports is [41, 42, 38]
〈∆nC∆nT 〉 = 〈nC nT 〉 − 〈nC〉 〈nT 〉
∝ G(2)(tC , tT )−G(1)(tC , tC)G(1)(tT , tT ) =
∣∣G(1)(tC , tT )∣∣2 . (3)
Here we used the properties [38]
〈nC nT 〉 ∝ G(2)(tC , tT ),
with
G(2)(tC , tT ) = G
(1)(tC , tC)G
(1)(tT , tT ) +
∣∣G(1)(tC , tT )∣∣2 (4)
and
〈nd〉 ∝ G(1)(td, td),
where G(1) and G(2) are, respectively, the first and second-order correlation functions
[38]. Therefore, the outcome (3) of the correlation measurement does not depend
on the “background” term G(1)(tC , tC)G
(1)(tT , tT ) in (4). As we will show, the only
relevant term
∣∣G(1)(tC , tT )∣∣2 characterizes the second-order interference occurring in the
interferometer. Toward this end, we introduce the definition of the first-order correlation
function
G(1)(tC , tT ) ..= tr
[
ρˆHEˆ
(−)
C (tC)Eˆ
(+)
T (tT )
]
. (5)
Here, in the narrow bandwidth approximation,
Eˆ
(+)
d (td) ∝
∫
dω e−iωtd
[
eiωLd/c + eiωSd/c
]
aˆ
(H)
A (ω) (6)
is the electric field operator at the detector d = C, T in terms of the frequency-dependent
annihilation operator aˆA(ω) at the only input port A where a source is placed; while
Eˆ
(−)
d (td) is its respective Hermitian conjugate. The factors e
iωLd/c and eiωSd/c describe
the propagation through the paths Ld and Sd, respectively. By using (5) and (6), and
defining the effective detection times
t
(ld)
d
..= td − ld
c
, (7)
with ld = Ld, Sd, we show in Appendix A that the expectation value in (3) can be
written as
〈∆nC∆nT 〉 ∝
∣∣G(1)(tC , tT )∣∣2 =
∣∣∣∣∣
∑
lC ,lT
G(lC ,lT )(tC , tT )
∣∣∣∣∣
2
. (8)
Here, each interfering term
G(lC ,lT )(tC , tT ) = i a r e
iω0[t
(lC )
C
−t
(lT )
T
]e−[t
(lC )
C
−t
(lT )
T
]2∆ω2/2, (9)
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with a constant, describing the contribution of the corresponding path pair (lC , lT ),
depends on the time delay t
(lC)
C − t(lT )T between the detected photons in the
two output ports before the propagation through the two paths lC and lT ,
respectively. In a standard HBT experiment only a fixed pair of paths can
contribute to the measurement. Differently, here all the four possible pairs (lC , lT ) =
(LC , LT ), (SC, ST ), (LC , ST ), (SC , LT ) of paths can lead to a joint detection and, in
principle, can interfere as in (8).
Now, we consider the following conditions for the delays between the effective
detection times defined in (7):∣∣∣t(LC)C − t(LT )T ∣∣∣≪ 1/∆ω, ∣∣∣t(SC)C − t(ST )T ∣∣∣≪ 1/∆ω, (10)
and ∣∣∣t(LC)C − t(ST )T ∣∣∣≫ 1/∆ω, ∣∣∣t(LT )T − t(SC)C ∣∣∣≫ 1/∆ω, (11)
which, by using (10), corresponds to differences between the path lengths in each Mach-
Zehnder interferometer much larger than the coherence length c/∆ω of the source:
|LC − SC | ≫ c/∆ω, |LT − ST | ≫ c/∆ω. (12)
The conditions (10) can be simply achieved experimentally, for example, in the limit
tC ∼= tT ⇔ |tC − tT | ≪ 1/∆ω (13)
of approximately equal detection times with respect to the coherence time 1/∆ω and
approximately equal paths
L ..= LC ∼= LT ⇔ |LC − LT | ≪ c/∆ω, S ..= SC ∼= ST ⇔ |SC − ST | ≪ c/∆ω
(14)
with respect to to the coherence length c/∆ω. By using (14), the two conditions (12)
reduce to the single condition
|L− S| ≫ c/∆ω. (15)
In the conditions (11) and (10) and by using (9) the expression in (8) becomes
〈∆nC∆nT 〉 ∝
∣∣G(1)(tC , tT )∣∣2 ∼= ∣∣G(LC ,LT )(tC , tT ) +G(SC ,ST )(tC , tT )∣∣2
= 2a2r2 (1 + cosϕL−S) , (16)
with the relative phase
ϕL−S ..=ω0
[
(t
(LC)
C − t(LT )T )− (t(SC)C − t(ST )T )
]
=
ω0
c
[(LC − LT )− (SC − ST )] , (17)
where we used (7) in the second equality. The expectation value (16) depends now
on the interference between only two contributions G(LC ,LT ) and G(SC ,ST ) associated
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with the pairs of optical paths (LC , LT ) and (SC , ST ), respectively. The paths LC and
SC in the interferometer are correlated with the paths LT and ST , respectively, and
only the corresponding path pairs (LC , LT ) and (SC , ST ) interfere. This interference
occurs even if the differences |Ld − Sd|, with d = C, T , between the path lengths in
each Mach-Zehnder interferometer are much larger than the coherence length of the
source (see (12)). Indeed, for a thermal source, the interfering contributions G(LC ,LT )
and G(SC ,ST ) (see (9)) do not depend on the relative path lengths in each Mach-Zehnder
interferometer but only on the difference between the delays t
(LC )
C −t(LT )T and t(SC)C −t(ST )T
between the detected photons in the two output ports before the propagation through
the two pairs (LC , LT ) and (SC , ST ) of paths, respectively. Since these time delays are
very small compared to the coherence time of the source (see (10)) both pairs (LC , LT )
and (SC , ST ) contribute to the observed second-order interference.
It is worthwhile to compare the interferometer described here with the famous
Franson interferometer [7], where the state at the output of the beam splitter in
figure 1(a) is substituted by a two-photon entangled state and the coincidence rate
for detecting a photon at the same time in both output ports is measured. For a full
comparison, we first determine the coincidence rate associated with the absorption of
a single photon from the field at each of the two output ports of the interferometer
in figure 1(a) considered here. This corresponds to measure the standard second-order
correlation function [38] in (4) at approximately equal detection times tC ∼= tT (see (13))
and in the conditions (14) and (15) for the interferometric optical paths. In particular, by
adding the product G(1)(tC , tC)G
(1)(tT , tT ) = 4 a
2 r2 of the intensities at the two output
ports to the second-order interference term
∣∣G(1)(tC , tT )∣∣2 found in (16), we obtain a
second-order correlation function
G(2)(tC , tT ) ∝ 3 + cosϕL−S
with visibility 1/3. This is a crucial difference between the interferometer described here
and the Franson interferometer, where the second-order correlation function measured
at the output at equal detection times manifests second-order interference with 100%
visibility. Instead, in the interferometer in figure 1(a), 100%-visibility interference is
only achieved by measuring the correlation (16) between the fluctuations in the number
of detected photons, where the “background” constant term G(1)(tC , tC)G
(1)(tT , tT ) is
effectively “subtracted” from the second order correlation function. Therefore, the
emergence of this interference effect is very different from the physics of two-photon
interference based on energy-time entanglement in the Franson interferometer. Indeed,
in the Franson interferometer the interference between the two pairs (L, L) and (S, S)
of optical paths emerge from the fact that the two input entangled photons are emitted
at the same time and the joint emission time is uncertain in the quantum sense.
Therefore, 100%-visibility second-order interference can be observed even if the first-
order coherence length is much less than the difference L−S between the path lengths.
In the interferometer described here, instead, neither an entangled source is used nor
any entanglement process occurs. Therefore, coincidence events do not necessarily
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correspond to the absorption from the field of photons which entered the interferometer
at the same time. In principle, the detected photons could have taken any of the
four possible pairs of paths from the source to the two detectors. Nonetheless, the
interference term
∣∣G(1)(tC , tT )∣∣2 in the second-order correlation function, emerging from
the measurement of the correlation (16) between the fluctuations in the number of
detected photons as an average over all the possible experimental outcomes, contains
only the contribution of two indistinguishable pairs (LC , LT ) and (SC , ST ) of correlated
paths ‡. In particular, the interference pattern (16) depends on the difference
ϕL−S = ϕC − ϕT
in (17) between the relative phases ϕd = ω0(Ld − Sd)/c, with d = C, T , in the two
Mach-Zehnder interferometers. Differently, in the Franson interferometer the resulting
interference pattern depends on the sum of the relative phases in the two Mach-Zehnder
interferometers.
3. CNOT Gate Simulation
The interference phenomenon based on multipath correlations demonstrated in the
previous section can be used to reproduce on-demand correlations in different degrees of
freedom without the use of entanglement. Here, we address, for example, the simulation
of a CNOT gate operation by encoding these multipath correlations in the polarization
degree of freedom.
For this purpose, we consider the interferometer in figure 1(b). The source at the
input port A is again described by (1). The H-polarized thermal light impinges on the
balanced beam splitter BS1 and, by using half-wave plates, is prepared at the “control”
port C and “target” port T in two general polarizations φC = (cosφC sin φC)T and
φT = (cosφT sinφT )
T , respectively. Here, the H and V polarization directions are
indicated by the vectors (1 0)T and (0 1)T , respectively. Thereby, by introducing the
polarization rotations
RφC,T
..=
(
cos φC,T sinφC,T
sinφC,T − cos φC,T
)
,
the interferometer transformation associated with the first part of the interferometer
connecting the input ports A,B with the ports C, T is given by
Uprep ..=
(
RφC 0
0 RφT
)
UBS = 1√
2
(
RφC 0
0 RφT
)(
i1 1
1 i1
)
, (18)
where we used the expression for the balanced beam-splitter transformation UBS, with
1
..= diag (1, 1).
‡ Interestingly, there is, in principle, no upper bound to the difference |L− S| between the path lengths
in (15) which limit this interference effect for an ideal stationary thermal source. This is of course not
the case in “real world” experiments.
Multipath Correlation Interference and Controlled-NOT Gate Simulationwith a Thermal Source8
The second part of the interferometer consists of a “control” interferometer
connecting the ports C and C and a “target” interferometer connecting the ports T and
T . Therefore, the global interferometric evolution is described by the two polarization-
dependent transformations PC,C and PT,T defining the diagonal matrix
P ..= diag (PC,C,PT,T ) . (19)
In particular, in the control interferometer, the light in the polarization modes H and V
at the output of the first polarizing beam splitter PBS1 acquires the time delays SC/c
and LC/c, respectively, with c the speed of light, before being recombined at the output
of the second polarizing beam splitter PBS2. This leads to the control transformation
PC,C ..= diag
(
eiωSC/c, eiωLC/c
)
.
On the other hand, the light in the target interferometer is coherently split into
two different paths and recombined by the balanced beam splitters BS2 and BS3,
respectively, independently of the polarization. The light polarization is unchanged in
the path of length ST . Instead, in the path of length LT the polarization modes H and
V are flipped (H ↔ V ) by the NOT-gate operation F ..= antidiag (1, 1) implemented
by a half-wave plate with axes rotated by pi/4 with respect to the H and V axes. Thus
the overall target evolution is described by the transformation
PT,T ..= 1
2
(
eiωLT /cF + eiωST /c1
)
.
By using (18) and (19), we derive the total interferometer matrix
M(ω) ..= P · Uprep = 1√
2
(
iPC,C RφC PC,C RφC
PT,T RφT iPT,T RφT
)
. (20)
We finally address the detection process, consisting of measuring the polarization-
dependent correlation between the fluctuations in the number of photons ∆nθC (tC)
and ∆nθT (tT ) detected at the control and target ports d = C, T , respectively, with
polarization θd ..= (cos θd sin θd)
T at time td. The expectation value for the product
of the photon-number fluctuations at the two output ports is [41, 42, 38]
〈∆nθC∆nθT 〉 ∝
∣∣∣G(1)θC ,θT (tC , tT )
∣∣∣2 , (21)
where the first-order correlation function
G
(1)
θC ,θT
(tC , tT ) ..= tr
[
ρˆH
(
θC · Eˆ(−)C (tC)
)(
θT · Eˆ(+)T (tT )
)]
is now, differently from (5), polarization dependent. Here, in the narrow bandwidth
approximation and in the (H, V )-polarization basis,
Eˆ
(+)
d (td) ∝
∫
dω e−iωtdMd,A(ω)
(
aˆ
(H)
A (ω)
aˆ
(V )
A (ω)
)
,
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with the elements Md,A = MC,A,MT,A in the first column of the total interferometer
matrix (20), is the electric field operator at the detector d = C, T in terms of the
frequency-dependent annihilation operators aˆ
(H)
A (ω) and aˆ
(V )
A (ω) at the only input port
A where the source is placed, while Eˆ
(−)
d (td) is its respective Hermitian conjugate. In
Appendix B we show, that, in the limits (11) and (10), (21) becomes
〈∆nθC∆nθT 〉 ∝
∣∣∣G(LC ,LT )θCθT (tC , tT ) +G(SC ,ST )θCθT (tC , tT )
∣∣∣2
∝ r2 ∣∣cosφC cos θC cos (φT − θT ) + eiϕL−S sinφC sin θC sin (φT + θT )∣∣2 ,
(22)
with ϕL−S defined in (17).
Here, similarly to a CNOT gate operation, the control path SC associated with the
polarization mode H is correlated with the target path ST where the light polarization
remains unchanged; instead, the control path LC associated with the polarization mode
V is correlated with the target path LT where a NOT-gate operation occurs. Moreover,
analogously to the scheme in figure 1(a), the two pairs (LC , LT ) and (SC , ST ) of optical
paths interfere.
Let us fully compare now the interferometer in figure 1(b) with a genuine CNOT
entangling operation on the two-qubit input state |φC〉C |φT 〉T , where
|φC〉C ..= cosφC |H〉C + sinφC |V 〉C ,
and
|φT 〉T ..= cos φT |H〉T + sinφT |V 〉T
are expressed as superpositions of the polarization states |H〉 and |V 〉, corresponding to
single-photon occupations of the H and V modes, respectively. A CNOT-gate operation
on this input state leads to the output entangled state
|ψ〉C,T = cos φC |H〉C |φT 〉T + sin φC |V 〉C |φ(F )T 〉T ,
where
|φ(F )T 〉T ..= sinφT |H〉T + cosφT |V 〉T .
Polarization-correlation measurements over the state |ψ〉C,T occur with a probability
PCNOT ..=
∣∣∣〈θC , θT |ψ〉C,T ∣∣∣2 = |cosφC cos θC cos (φT − θT ) + sin φC sin θC sin (φT + θT )|2 .
(23)
Comparing (23) with (22) in the limit ϕL−S ≪ 1, we obtain the expectation value
〈∆nθC∆nθT 〉 ∝ r2PCNOT, (24)
which takes into account all the possible outcomes for the product of the photon-number
fluctuations measured at the output of the interferometer in figure 1(b). We emphasize
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Figure 2. N -order interference network with a thermal source based on: 1)
Preparation of the N -channel initial state for arbitrary polarization angles φi (i =
1, . . . , N) with a generalized transformation Uprep implemented by a symmetric 2N -
port beam-splitter and N half-wave plates; 2) N -channel polarization-dependent
evolution consisting of polarization rotations and P-type transformations as in
figure 1(b); 3) Polarization-dependent correlation measurements in the photon-number
fluctuations at the output of the network.
that no entanglement process occurs in the interferometer; therefore the proposed
scheme is not an entangling gate. Nonetheless, the measurement of the correlation (24)
between the photon-number fluctuations at the two output ports allow us to simulate a
CNOT-gate operation. As a “bonus”, we find that the correlation signal can be enhanced
on demand by increasing the square r2 of the source mean-photon rate, making it robust
against technological losses.
As an example, if we fix the polarization angles φC = pi/4 and φT = 0 in the setup
in figure 1(b), the expectation value in (24) reads
〈∆nθC∆nθT 〉 ∝ r2 cos2 (θC − θT ) ,
simulating the 100%-visibility correlations typical of a Bell state |Φ+〉 =
(|HH〉+ |V V 〉) /√2 even if no Bell state is produced. Indeed, neither an entangled
source is used, as for example in the experiment of Sanaka, Kawahara and Kuga
[37], nor an entanglement process occurs in the interferometer as in a genuine CNOT
gate operation. Nonetheless, an observer T can provide to a separate observer C the
measured fluctuations ∆nθC in the number of photons for a polarization angle θC (in
a given computational base) unknown to T , who can infer the value of θC only based
on his/her corresponding measurements of ∆nθT (with θT in the same computational
base). Interestingly, differently from a genuine Bell state, the correlation between the
measurements of the two observers C and T emerge only from the expectation value of
the product of the corresponding photon number fluctuations ∆nθC and ∆nθT .
4. N-order Interference Networks
One can finally generalize the second-order interference effect described in this paper
to arbitrary orders N . For example, we consider an N -order interferometer as in
figure 2 which generalizes the scheme in figure 1(b). For this purpose, we first prepare
the N -channel initial polarization state: H-polarized thermal light impinges on a
symmetric 2N -port beam-splitter (generalization of the balanced beam splitter BS1
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in figure 1(b)); at each output port the polarization is then rotated, respectively,
by arbitrary polarization angles φi, with i = 1, 2, ..., N , by using N half-wave
plates. This prepared initial state propagates through a 2N -port polarization-dependent
interferometer, consisting of polarization rotations and P-type transformations as in
figure 1 (b). Finally, the polarization-dependent correlation between the photon-number
fluctuations is measured at the N output ports at approximately equal detection times.
We emphasize that for N = 2 one may also measure this correlation (24) by
subtracting the product of the independent light intensities at the two detectors from the
standard second-order correlation function. Differently, in higher order interferometric
networks it may be useful to directly measure the correlation between the photon-
number fluctuations.
Experimentally, the precision in measuring the expectation value of the product
of the photon-number fluctuations ∆nθd at each output port d = 1, 2, ..., N of a given
network depends on the number n of performed measurements. For large numbers
n of measurements the distribution of the measured mean values is normal around
the expectation value with an indetermination given by the indetermination in the
distribution of the measurement outcomes normalized by the root of n. Evidently, the
indetermination in the distribution of the measurement outcomes depends intrinsically
on the given N -order interference network. In general, a scaling in the number of
resources typical of a quantum network with genuine entanglement cannot be achieved
by the scheme described here. Nonetheless, an N -ordered interferometer as in figure 2
could be used to simulate experimentally 100%-visibility correlations typical of entangled
states of N qubits [30], such as GHZ states, as well as small-scale quantum circuits and
algorithms.
5. Discussion
We demonstrated a novel interference phenomenon emerging from the fundamental
nature of multipath correlations with a thermal source. In particular, we introduced a
novel interferometer (see figure 1(a)) where full correlations between the interferometric
paths SC and ST (LC and LT ) emerge at the interferometer output from measuring the
correlation between the fluctuations in the number of detected photons at the two output
ports. We showed how the interference between the two pairs (SC , ST ) and (LC , LT ) of
correlated optical paths occurs even if the time delay imprinted by each path in one pair
with respect to each path in the other pair is much larger than the source coherence time.
We also pointed out the differences and the similarities between this interferometer and
the well known Franson interferometer where an entangled two-photon source is used
instead of a thermal source.
The interference effect demonstrated here can be easily observed experimentally: 1)
It relies on one of the most natural sources which can be easily simulated in a laboratory
by using laser light impinging on a fast rotating ground glass [43]; 2) The calibration
of the interferometric paths and of the detection times (see (15), (14) and (13)) can
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be easily achieved in the case of a thermal source, where the coherence time can range
from the order of ns to µs. In an analogous way, multipath correlation interference can
be also experimentally observed in the spatial domain with a spatial-mode dependent
thermal source [44].
In conclusion, this interesting phenomenon provides a deeper fundamental
understanding of the physics of coherence, multipath correlations and interference using
a thermal source. Furthermore, it can be used to implement correlations in different
degrees of freedom without recurring to entanglement processes. As an example, we
demonstrated the polarization-encoded simulation of a CNOT logic operation. We also
showed how this second-order interference effect can be extended to arbitrary orders
N , leading to the interference of more general configurations of correlated paths. This
could be used to simulate on-demand 100%-visibility correlations typical of entangled
states of N qubits, with possible applications in high precision metrology and imaging
[19, 21, 45, 22], and in the development of novel optical algorithms [46, 47, 48, 49, 50].
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Appendix A. Correlation between the photon-number fluctuations for the
interferometer in figure 1(a)
We find here the explicit expression of the expectation value (in (3))
〈∆nC∆nT 〉 ∝
∣∣G(1)(tC , tT )∣∣2 (A.1)
of the product of the photon-number fluctuations by calculating the first-order
correlation function (in (5))
G(1)(tC , tT ) ..= tr
[
ρˆHEˆ
(−)
C (tC)Eˆ
(+)
T (tT )
]
, (A.2)
with the electric field operators
Eˆ
(−)
C (tC) = −
K√
2
∫
dω eiωtC
[
e−iωLC/c + e−iωSC/c
]
aˆ
(H)†
A (ω), (A.3)
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and
Eˆ
(+)
T (tT ) =
iK√
2
∫
dω e−iωtT
[
eiωLT /c + eiωST /c
]
aˆ
(H)
A (ω), (A.4)
where K is a constant. By inserting (A.3) and (A.4) into (A.2), and using the definition
(in (7)) of the effective detection times
t
(ld)
d = td −
ld
c
,
we obtain
G(1)(tC , tT ) = − iK
2
2
[
tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(SC )
C
−ω′t
(ST )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+ tr
(
ρˆH
∫
dω
∫
dω′eiωt
(SC )
C
−ω′t
(LT )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+ tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(LC )
C
−ω′t
(ST )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+ tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(LC )
C
−ω′t
(LT )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)]
.
By using the property [9, 38]
tr
(
ρˆH
∫
dω
∫
dω′ei(ωt1−ω
′t2)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
= reiω0(t1−t2)e−(t1−t2)
2∆ω2/2
for the multimode thermal state ρˆH in (1), we obtain
G(1)(tC , tT ) = − iK
2
2
r
[
eiω0[t
(SC)
C
−t
(ST )
T
]e−[t
(SC)
C
−t
(ST )
T
]2∆ω2/2 + eiω0[t
(SC )
C
−t
(LT )
T
]e−[t
(SC )
C
−t
(LT )
T
]2∆ω2/2
+eiω0[t
(LC )
C
−t
(ST )
T
]e−[t
(LC )
C
−t
(ST )
T
]2∆ω2/2 + eiω0[t
(LC )
C
−t
(LT )
T
]e−[t
(LC )
C
−t
(LT )
T
]2∆ω2/2
]
,
which can be rewritten as
G(1)(tC , tT ) =
∑
lC ,lT
G(lC ,lT )(tC , tT ), (A.5)
with the contributions
G(lC ,lT )(tC , tT ) = − iK
2
2
reiω0[t
(lC)
C
−t
(lT )
T
]e−[t
(lC )
C
−t
(lT )
T
]2∆ω2/2
for all possible pairs (lC , lT ) = (LC , LT ), (SC , ST ), (LC , ST ), (SC , LT ) of optical paths.
By substituting (A.5) in (A.1) we finally find the expression of 〈∆nC∆nT 〉 in (8).
Appendix B. Polarization-dependent correlation between the
photon-number fluctuations for the interferometer in figure 1(b)
We calculate here the expectation value (in (21))
〈∆nθC∆nθT 〉C,T ∝
∣∣∣G(1)θC ,θT (tC , tT )
∣∣∣2 (B.1)
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for the product of the photon-number fluctuations, with the polarization-dependent
first-order correlation function
G
(1)
θC ,θT
(tC , tT ) ..= tr
[
ρˆH
(
θC · Eˆ(−)C (tC)
)(
θT · Eˆ(+)T (tT )
)]
. (B.2)
The electric field operator Eˆ
(+)
d (td), with d = C, T , for direction of propagation
perpendicular to the H-V plane is given in the narrow bandwidth approximation by
the operator
Eˆ
(+)
d (td) = iK
∫
dω e−iωtdMd,A(ω)
(
aˆ
(H)
A (ω)
aˆ
(V )
A (ω)
)
, (B.3)
with a constant K, the elements Md,A = MC,A,MT,A in the first column of the total
interferometer matrixM(ω) in (20), and the annihilation operators aˆ(H)A (ω) and aˆ(V )A (ω)
at the only port A where a source is placed, while Eˆ
(−)
d (td) is its respective Hermitian
conjugate.
By defining
AC ..= (cos θC sin θC) MC,A(ω)
(
1
0
)
=
i√
2
(
cos θC cosφCe
iωSC/c + sin θC sin φCe
iωLC/c
)
,
and
AT ..= (cos θT sin θT ) MT,A(ω)
(
1
0
)
=
1
2
√
2
[
cos θT
(
cosφT e
iωST /c + sinφT e
iωLT /c
)
+ sin θT
(
sin φT e
iωST /c + cosφT e
iωLT /c
)]
,
it is useful to introduce the effective field operators
Eˆ (+)d (td) ..= iK
∫
dω Ad e
−iωtd aˆ
(H)
A (ω), (B.4)
with d = C, T . Indeed, given the fixed polarization H of the thermal light produced by
the source in the port A, equation (B.2) can be rewritten by using (B.3) and (B.4) as
G
(1)
θC ,θT
(tC , tT ) ..= tr
[
ρˆH
(
Eˆ (−)C (tC)
)(
Eˆ (+)T (tT )
)]
.
By direct substitution and using again the definition (in (7)) of the effective detection
times
t
(ld)
d
..= td − ld
c
, (B.5)
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with ld = Ld, Sd, we obtain
G
(1)
θC ,θT
(tC , tT ) = − iK
2
4
[
cos θC cosφC (cos θT cos φT + sin θT sin φT )
× tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(SC )
C
−ω′t
(ST )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+cos θC cosφC (cos θT sinφT + sin θT cosφT )
× tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(SC )
C
−ω′t
(LT )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+ sin θC sinφC (cos θT cosφT + sin θT sinφT )
× tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(LC )
C
−ω′t
(ST )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
+ sin θC sinφC (cos θT sinφT + sin θT cosφT )
× tr
(
ρˆH
∫
dω
∫
dω′ei(ωt
(LC )
C
−ω′t
(LT )
T
)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)]
.
By using again the property [9, 38]
tr
(
ρˆH
∫
dω
∫
dω′ei(ωt1−ω
′t2)aˆ
(H)†
A (ω)aˆ
(H)
A (ω
′)
)
= reiω0(t1−t2)e−(t1−t2)
2∆ω2/2
for the multimode thermal state ρˆH in (1), we obtain
G
(1)
θC ,θT
(tC , tT ) = − iK
2
4
r
[
cos θC cosφC cos (θT − φT ) eiω0[t
(SC)
C
−t
(ST )
T
]e−[t
(SC )
C
−t
(ST )
T
]2∆ω2/2
+cos θC cos φC sin (θT + φT ) e
iω0[t
(SC)
C
−t
(LT )
T
]e−[t
(SC)
C
−t
(LT )
T
]2∆ω2/2
+ sin θC sinφC cos (θT − φT ) eiω0[t
(LC )
C
−t
(ST )
T
]e−[t
(LC )
C
−t
(ST )
T
]2∆ω2/2
+ sin θC sinφC sin (θT + φT ) e
iω0[t
(LC )
C
−t
(LT )
T
]e−[t
(LC )
C
−t
(LT )
T
]2∆ω2/2
]
.
(B.6)
Finally, by applying the conditions (in (11) and (10))∣∣∣t(LC )C − t(ST )T ∣∣∣∆ω ≫ 1, ∣∣∣t(LT )T − t(SC)C ∣∣∣∆ω ≫ 1,∣∣∣t(LC )C − t(LT )T ∣∣∣∆ω ≪ 1, ∣∣∣t(SC )C − t(ST )T ∣∣∣∆ω ≪ 1,
(B.6) reduces to
G
(1)
θC ,θT
(tC , tT ) = G
(LC ,LT )
θC ,θT
(tC , tT ) +G
(SC ,ST )
θC ,θT
(tC , tT ),
with the two contributions
G
(SC ,ST )
θC ,θT
(tC , tT ) = −iK
2
4
r cosφC cos θC cos (φT − θT ) eiω0
[
(t
(SC )
C
−t
(ST )
T
]
,
G
(LC ,LT )
θC ,θT
(tC , tT ) = −iK
2
4
r sinφC sin θC sin (φT + θT ) e
iω0
[
(t
(LC )
C
−t
(LT )
T
]
.
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Thereby, (B.1) reads
〈∆nθC∆nθT 〉C,T ∝
∣∣∣G(LC ,LT )θCθT (tC , tT ) +G(SC ,ST )θCθT (tC , tT )
∣∣∣2 ,
which, by introducing the relative phase (in (17))
ϕL−S ..=
ω0
c
[(LC − LT )− (SC − ST )] ,
finally reduces to
〈∆nθC∆nθT 〉C,T ∝ r2
∣∣cosφC cos θC cos (φT − θT ) + eiϕL−S sinφC sin θC sin (φT + θT )∣∣2 ,
as in (22).
References
[1] Brown R H and Twiss R Q 1956 Nature 177 27–29 ISSN 0028-0836 URL
http://dx.doi.org/10.1038/177027a0
[2] Hanbury Brown R and Twiss R Q 1956 Nature 178 1046–1048 URL
http://dx.doi.org/10.1038/1781046a0
[3] Glauber R J 1963 Phys. Rev. Lett. 10(3) 84–86 URL
http://link.aps.org/doi/10.1103/PhysRevLett.10.84
[4] Glauber R J 2006 Rev. Mod. Phys. 78 1267–1278 ISSN 1539-0756 URL
http://dx.doi.org/10.1103/RevModPhys.78.1267
[5] Alley C O and Shih Y H 1986 Proceedings of the Second International Symposium on Foundations
of Quantum Mechanics in the Light of New Technology ed of Japan P S (Tokyo) pp 47 – 52
Shih Y H and Alley C O 1988 Phys. Rev. Lett. 61(26) 2921–2924 URL
http://link.aps.org/doi/10.1103/PhysRevLett.61.2921
[6] Hong C K, Ou Z Y and Mandel L 1987 Phys. Rev. Lett. 59(18) 2044–2046 URL
http://link.aps.org/doi/10.1103/PhysRevLett.59.2044
[7] Franson J D 1989 Phys. Rev. Lett. 62(19) 2205–2208 URL
http://link.aps.org/doi/10.1103/PhysRevLett.62.2205
[8] Tamma V and Laibacher S 2015 Phys. Rev. Lett. 114(24) 243601 URL
http://link.aps.org/doi/10.1103/PhysRevLett.114.243601
[9] Tamma V and Laibacher S 2014 Phys. Rev. A 90(6) 063836 URL
http://link.aps.org/doi/10.1103/PhysRevA.90.063836
[10] Nielsen M and Chuang I 2000 Quantum Computation and Quantum Information Cambridge Series
on Information and the Natural Sciences (Cambridge University Press) ISBN 9780521635035
URL http://books.google.de/books?id=65FqEKQOfP8C
[11] Pan J W, Chen Z B, Lu C Y, Weinfurter H, Zeilinger A and Żukowski M 2012 Rev. Mod. Phys.
84(2) 777–838 URL http://link.aps.org/doi/10.1103/RevModPhys.84.777
[12] Laibacher S and Tamma V 2015 Phys. Rev. Lett. 115(24) 243605 URL
http://link.aps.org/doi/10.1103/PhysRevLett.115.243605
[13] Tamma V 2014 International Journal of Quantum Information 12 1560017
[14] Tamma V and Laibacher S 2015 Journal of Modern Optics 1–5 URL
http://dx.doi.org/10.1080/09500340.2015.1088096
[15] Tamma V and Laibacher S 2015 Quantum Inf. Process. 1–22 ISSN 1570-0755, 1573-1332 URL
http://link.springer.com/10.1007/s11128-015-1177-8
[16] Shih Y 2011 An Introduction to Quantum Optics (CRC Press Taylor and Francis group)
Multipath Correlation Interference and Controlled-NOT Gate Simulationwith a Thermal Source17
[17] Pittman T B, Shih Y H, Strekalov D V and Sergienko A V 1995 Phys. Rev. A 52(5) R3429–R3432
URL http://link.aps.org/doi/10.1103/PhysRevA.52.R3429
[18] Bennink R S, Bentley S J and Boyd R W 2002 Phys. Rev. Lett. 89(11) 113601 URL
http://link.aps.org/doi/10.1103/PhysRevLett.89.113601
[19] Valencia A, Scarcelli G, D’Angelo M and Shih Y 2005 Phys. Rev. Lett. 94(6) 063601 URL
http://link.aps.org/doi/10.1103/PhysRevLett.94.063601
[20] Ferri F, Magatti D, Gatti A, Bache M, Brambilla E and Lugiato L A 2005 Phys. Rev. Lett. 94(18)
183602 URL http://link.aps.org/doi/10.1103/PhysRevLett.94.183602
[21] Oppel S, Büttner T, Kok P and von Zanthier J 2012 Physical Review Letters 109 ISSN 1079-7114
URL http://dx.doi.org/10.1103/PhysRevLett.109.233603
[22] Pearce M E, Mehringer T, von Zanthier J and Kok P 2015 Phys. Rev. A 92(4) 043831 URL
http://link.aps.org/doi/10.1103/PhysRevA.92.043831
[23] Cerf N J, Adami C and Kwiat P G 1998 Phys. Rev. A 57(3) R1477–R1480 URL
http://link.aps.org/doi/10.1103/PhysRevA.57.R1477
[24] Spreeuw R J C 2001 Phys. Rev. A 63(6) 062302 URL
http://link.aps.org/doi/10.1103/PhysRevA.63.062302
[25] Lee K F and Thomas J E 2002 Physical Review Letters 88 097902 URL
http://link.aps.org/doi/10.1103/PhysRevLett.88.097902
[26] Lee K F and Thomas J E 2004 Phys. Rev. A 69 052311 URL
http://link.aps.org/doi/10.1103/PhysRevA.69.052311
[27] Fu J, Si Z, Tang S and Deng J 2004 Phys. Rev. A 70 042313 URL
http://link.aps.org/doi/10.1103/PhysRevA.70.042313
[28] Chen H, Peng T, Karmakar S and Shih Y 2011 New J. Phys. 13 083018 ISSN 1367-2630 URL
http://dx.doi.org/10.1088/1367-2630/13/8/083018
[29] Kagalwala K H, di Giuseppe G, Abouraddy A F and Saleh B E A 2013 Nature Photonics 7 72–78
[30] Peng T and Shih Y 2015 EPL (Europhysics Letters) 112 60006 URL
http://stacks.iop.org/0295-5075/112/i=6/a=60006
[31] Lomonaco S 2002 Quantum Computation: A Grand Mathematical Challenge for the Twenty-
First Century and the Millennium (Proceedings of Symposia in Applied Mathematics) URL
http://books.google.de/books?id=65FqEKQOfP8C
[32] Pittman T B, Fitch M J, Jacobs B C and Franson J D 2003 Phys. Rev. A 68(3) 032316 URL
http://link.aps.org/doi/10.1103/PhysRevA.68.032316
[33] O’Brien J L, Pryde G J, White A G, Ralph T C and Branning D 2003 Nature 426 264–267 ISSN
0028-0836 URL http://dx.doi.org/10.1038/nature02054
[34] Gasparoni S, Pan J W, Walther P, Rudolph T and Zeilinger A 2004 Physical Review Letters 93
ISSN 1079-7114 URL http://dx.doi.org/10.1103/PhysRevLett.93.020504
[35] Okamoto R, Hofmann H F, Takeuchi S and Sasaki K 2005 Physical Review Letters 95 ISSN
1079-7114 URL http://dx.doi.org/10.1103/PhysRevLett.95.210506
[36] Okamoto R, O’Brien J L, Hofmann H F and Takeuchi S 2011 Proceedings
of the National Academy of Sciences 108 10067–10071 ISSN 1091-6490 URL
http://dx.doi.org/10.1073/pnas.1018839108
[37] Sanaka K, Kawahara K and Kuga T 2002 Phys. Rev. A 66(4) 040301 URL
http://link.aps.org/doi/10.1103/PhysRevA.66.040301
[38] Glauber R J 2007 Quantum Theory of Optical Coherence: Selected Papers and Lectures (John
Wiley and Sons) ISBN 978-3-527-40687-6
[39] Mandel L and Wolf E 1995 Optical Coherence and Quantum Optics (Cambridge University Press)
ISBN 9780521417112 URL http://books.google.de/books?id=FeBix14iM70C
[40] Sudarshan E C G 1963 Phys. Rev. Lett. 10(7) 277–279 URL
http://link.aps.org/doi/10.1103/PhysRevLett.10.277
[41] Peng T, Chen H, Shih Y and Scully M O 2014 Phys. Rev. Lett. 112(18) 180401 URL
http://link.aps.org/doi/10.1103/PhysRevLett.112.180401
Multipath Correlation Interference and Controlled-NOT Gate Simulationwith a Thermal Source18
[42] Chen H, Peng T and Shih Y 2013 Phys. Rev. A 88(2) 023808 URL
http://link.aps.org/doi/10.1103/PhysRevA.88.023808
[43] Arecchi F, Gatti E and Sona A 1966 Physics Letters 20 27 – 29 ISSN 0031-9163 URL
http://www.sciencedirect.com/science/article/pii/0031916366910341
[44] Cassano M, D’Angelo M, Garuccio A, Peng T, Shih Y and Tamma V 2016 (Preprint 1601.05045)
[45] Crespi A, Lobino M, Matthews J C F, Politi A, Neal C R, Ramponi R, Osel-
lame R and O’Brien J L 2012 Applied Physics Letters 100 233704 URL
http://scitation.aip.org/content/aip/journal/apl/100/23/10.1063/1.4724105
[46] Tamma V 2015 Quantum Inf. Process. 11128:1190 URL
http://link.springer.com/article/10.1007%2Fs11128-015-1190-y
[47] Tamma V 2015 Quantum Inf. Process. 11128:1189 URL
http://link.springer.com/article/10.1007/s11128-015-1189-4
[48] Tamma V, Zhang H, He X, Garuccio A, Schleich W P and Shih Y 2011 Phys. Rev. A 83(2) 020304
URL http://link.aps.org/doi/10.1103/PhysRevA.83.020304
[49] Tamma V, Zhang H, He X, Garuccio A and Shih Y 2009 Journal of Modern Optics 56 2125–2132
URL http://dx.doi.org/10.1080/09500340903254700
[50] Tamma V, Alley C O, Schleich W P and Shih Y H 2012 Found Phys 42 111–121 ISSN 1572-9516
URL http://dx.doi.org/10.1007/s10701-010-9522-3
